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ScienceDirectThe skin epidermis is a constantly renewing stratified
epithelium that provides essential protective barrier functions
throughout life. Epidermal stratification is governed by a step-
wise differentiation program that requires precise
spatiotemporal control of gene expression. How epidermal
self-renewal and differentiation are regulated remains a
fundamental open question. Cell-intrinsic and cell-extrinsic
mechanisms that modify chromatin structure and interactions
have been identified as key regulators of epidermal
differentiation and stratification. Here, we will review the recent
advances in our understanding of how chromatin modifiers,
tissue-specific transcription factors, and force-induced nuclear
remodeling processes function to shape chromatin and to
control epidermal tissue development and homeostasis.
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Introduction
The mammalian skin epidermis is a stratified epithelium
that constantly self-renews to replace terminally differ-
entiated, dying, or damaged cells. During development
and homeostatic turnover in adults, stem/progenitor cells
located in the basal layer withdraw from the cell cycle,
commit to differentiate and move upward to the supra-
basal layers while undergoing defined, stepwise changesCurrent Opinion in Genetics & Development 2019, 55:46–51 in their transcriptome, proteome, morphology, and func-
tion [1,2]. The epidermis relies on the precise activation
of differentiation in response to tissue needs, while main-
taining a stable pool of stem/progenitor cells. Regulation
of such precisely-timed cell fate transitions involves
changes in chromatin organization where chromatin
remodelers, histone-modifying and DNA-modifying
enzymes, and histone chaperones collaborate with tran-
scription factors to generate patterns of cell type-specific
gene expression [3].
The epidermis is a load-bearing and mechanically chal-
lenged tissue where dynamic alterations in tension, as in
other epithelia, have fundamental implications for mor-
phogenesis, maintenance, and disease [4,5]. The nucleus
is mechanically tethered to the extracellular environment
and the contractile cytoskeleton through adaptor protein-
mediated interactions at the nuclear envelope. Additional
protein interactions link chromatin, in particular histone
H3 lysine 9 tri-methylated (H3K9me3) constitutive het-
erochromatin, directly to the nuclear envelope [6]. Thus,
cell-intrinsic and cell-extrinsic mechanical forces not only
induce cellular and nuclear shape changes but also directly
deform and remodel chromatin. Consequently, mechanical
signals can be transduced indirectly to the nucleus through
mechanosensitive signaling pathways or directly through
stress wave-like propagation of mechanical force to influ-
ence chromatin states and gene expression [7]. This review
will discuss recent advances on the roles of chromatin
modifications, nuclear architecture, and mechanical forces
inregulation of the epidermis. Wewill specificallyhighlight
the diverse biochemical and biophysical mechanisms by
which chromatin modifiers regulate chromatin structure
and interactions to control epidermal tissue function.
Chromatin modifiers in epidermal
differentiation and development
Chromatin modifiers provide key epigenetic mechanisms
by which cell identity is regulated. In addition to the
H3K9me3-marked constitutive heterochromatin, histone
H3 tri-methylated (H3K27me3) facultative heterochro-
matin plays an important role in establishing barriers to
cell fate changes [8]. Central regulators of facultative
heterochromatin are the Polycomb repressive complex
(PRC) 1 and PRC2 which catalyze histone H2A mono-
ubiquitination (H2AK119ub) and H3K27me3, respec-
tively [8]. Epidermal deletion of any one of the corewww.sciencedirect.com
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precocious epidermal stratification, as evident by the
accelerated formation of differentiated granular and cor-
nified suprabasal layers, and prematureepidermal barrier
formation during embryogenesis [9]. At the molecular
level, PRC2-catalyzed deposition of H3K27me3 within
the epidermal differentiation complex (EDC) locus pre-
vents premature recruitment of the AP1 transcriptional
activator and thus represses expression of key differenti-
ation genes [10]. In addition, PRC2 prevents premature
cell cycle exit of epidermal progenitors by repressing the
Ink4A locus [10]. Although PRC1 and PRC2 largely co-
localize at genomic targets, epidermal deletion of the core
PRC1 subunits, RING1A/B, does not affect the timing of
epidermal differentiation during morphogenesis
[11,12]. Instead, PRC1 is required for epidermal integ-
rity and its loss leads to a skin blistering disorder similar to
human skin fragility syndromes [12]. Collectively, the
emerging model is that PRC1 and PRC2 co-operate to
suppress a set of non-lineage genes in the epidermis,
although PRC1 seems to play a more dominant role [12].
In contrast, PRC2 but not PRC1 plays a critical role in
preventing premature activation of differentiation genes.
Interestingly, PRC1 has a PRC2-independent role in
binding to promoter regions of active epidermal cell-
adhesion and lineage genes to promote their expression
[11,12]. The promoters of the affected adhesion genes
contain RING1B but not H3K27me3, suggesting that
they are targets of non-canonical PRC1 complexes, which
typically contain RYBP/YAF2 subunit instead of the
canonical CBX subunit that recognizes PRC2-mediated
H3K27me3 [13]. A similar activating role for non-canoni-
cal PRC1 complexes has been discovered in other sys-
tems [14,15], indicating that gene activation is likely to be
a general feature of PRC1 activity.
Dual function of chromatin modifiers in epidermal tran-
scriptional control has also been recently described for
PRMT1, an arginine methyltransferase which modifies
both histones and proteins [16]. PRMT1 sustains the
expression of proliferation genes and maintains epidermal
progenitor self-renewal. In addition, PRMT1 prevents
premature differentiation by repressing epidermal differ-
entiation genes such as GRHL3 [17]. Collectively these
studies highlight multiple and diverse mechanisms by
which chromatin modifiers spatially regulate epidermal
tissue development and function (Figure 1a,b).
Chromatin regulation of enhancers in
epidermal differentiation and homeostasis
Chromatin is organized into topologically associated
domains (TADs), genomic regions characterized by
DNA sequences that interact with each other more than
with other genomic regions outside of the TAD [18]. The
EDC locus is an excellent model system to study long-
range chromosomal interactions, as it spans 2Mb on
human 1q21 (mouse chromosome 3q) and contain fourwww.sciencedirect.com clusters of gene families encoding for crucial structural
and regulatory proteins, many of which are activated
during epidermal differentiation [19]. In addition, several
EDC proteins have been implicated in common skin
diseases such as atopic dermatitis and psoriasis [20].
Chromatin Conformation Capture Carbon Copy (5C)
studies on mouse epidermal keratinocytes recently iden-
tified multiple TADs within the EDC. In contrast to
other cellular systems, chromatin interactions in the EDC
occur not only within individual TADs but also between
TADs [21]. Majority of the observed interactions are in
the vicinity of gene promoters and enhancers, and are cell
type-specific, indicating potential importance of these
interactions for epidermal cell identify.
The interaction between enhancers and promoters is a
critical feature of gene regulation. Before gene activation,
enhancers are present at a closed chromatin state and
nucleosomes at these enhancers are marked by histone
H3 lysine 4 mono-methylation (H3K4me1). Upon activa-
tion, enhancers transition to an open chromatin state and
gain histone-specific acetylation, including the acetyla-
tion of H3 lysine 27 (H3K27ac) [22,23]. Recently, signifi-
cant progress has been made on understanding how
enhancers are regulated during epidermal differentiation
and homeostasis. A genome-wide promoter capture Hi-C
method coupled with chromatin immunoprecipitation
(ChIP) analysis of H3K27ac uncovered two classes of
enhancer–promoter contacts associated with epidermal
differentiation genes [24]. The first class gained
H3K27ac and increased in strength during differentiation,
whereas the second class was already established and
marked by H3K27ac in progenitor cells. The ‘stable’
class of enhancer–promoter contacts was associated with
cohesin that stabilizes enhancer–promoter interactions
via chromatin looping [24]. Reduction of critical cohesin
subunit expression in epidermal progenitors led to
reduced expression of self-renewal genes and spontane-
ous epidermal differentiation, indicating a critical role of
cohesin in controlling the progenitor cell state [25]. In
contrast, enhancer–promoter contacts that were gained
during differentiation lacked cohesin binding [24].
These contacts were regulated by the transcription factors
KLF4 and ZNF750, which both facilitated the establish-
ment of enhancer–promoter contacts and activated
enhancers. The effect of KLF4 and ZNF750 was
restricted to a subset of enhancers associated with epi-
dermal differentiation, suggesting that additional tran-
scription factors are required to engage the full panel of
differentiation gene enhancers.
Another key transcription factor that regulates epidermal
proliferation and differentiation is p63 [26,27]. ChIP
analyses of undifferentiated keratinocytes revealed that
only a subset of p63-bound enhancers were marked by
H3K27ac and active, suggesting that p63 ‘bookmarks’
epidermal identity and differentiation gene enhancers,Current Opinion in Genetics & Development 2019, 55:46–51
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Epidermal transcriptional regulation by chromatin modifiers and transcription factors.
(a, right) Promoters of non-epidermal and epidermal differentiation genes are repressed by Polycomb repressive complex 2 (PRC2)-dependent
histone H3 lysine 27 trimethylation (H3K27me3) and PRC1-depenendent histone H2A lysine 119 monoubiquitination (H2AK119ub) histone marks.
(a, left) PRC2 and PRMT1 repress expression of epidermal differentiation genes and prevents premature epidermal differentiation. (b, right) Non-
canonical PRC1 (ncPRC1) binds to promoters of epidermal lineage and cell adhesion genes and promotes gene expression, independently of
PRC2 or canonical-PRC1 (cPRC1). (b, left) PRMT1 promotes expression of proliferation genes and sustains epidermal progenitor self-renewal. (c)
Schematic illustration of the diverse mechanisms in which lineage-specific epidermal transcription factors work in-concert with chromatin modifiers
to establish an open chromatin state and facilitate enhancer–promoter interactions, leading to activation of gene expression.but additional co-regulators are required to activate gene
expression [28]. Two key co-regulators of p63 have
recently been identified, the BAF chromatin remodeling
complex and the H3K4 mono-methyltransferase
KMT2D. BAF and p63 mutually recruit each other to
a subset of open chromatin regions during differentiation
[29]. At these sites, BAF maintains an open chromatin
state by displacing nucleosomes from p63 binding sites
and by promoting recruitment of the transcriptional
machinery. KMT2D and p63 co-target enhancers of
genes associated with epidermal development, adhesion,
and differentiation, and at these sites KMT2D promotes
enhancer activity and the maintenance of H3K4me1 and
H3K27ac histone marks [30].
p63 also functions to specify the surface ectoderm fate
during early embryonic development [31]. To dissect
mechanisms of p63 control of epidermal lineage specifi-
cation, recent in vitro studies utilized retinoic acid and
BMP4 to differentiate human embryonic stem cells into
surface ectoderm [32]. These studies demonstrated that
p63 can operate on chromatin to drive transcriptional
changes only after chromatin accessibility and epigenetic
landscape were established in response to morphogenic
signals. One of the mechanisms by which morphogens
and p63 can then regulate epidermal specification is by
modifying long-range chromatin interactions and altering
chromosome conformation [32], although the exact mech-
anisms, by which the exposure to specific morphogens
leads to initial changes in chromatin accessibility, are not
fully understood.Current Opinion in Genetics & Development 2019, 55:46–51 Collectively these studies reveal a complex regulatory
network of transcription factors, chromatin remodelers,
and modifiers in control of stage-specific enhancer activity
to establish precise epidermal programs (Figure 1c).
Coupling nuclear morphology, mechanics,
and epigenetic gene regulation during
differentiation
A key question is how the specific, molecular regulation of
differentiation gene expression discussed above is cou-
pled to the changing positions of the differentiating cells
within the tissue. Cell shape and size changes are inti-
mately linked to epidermal differentiation. In the highly
proliferative embryonic epidermis and in vitro, crowding-
induced cell compression combined with elongation trig-
gers epidermal cell differentiation [33]. In the less
dynamic adult epidermis, cell enlargement to occupy
space liberated by delaminated differentiated cells trig-
gers stem cell division to maintain homeostatic cell num-
bers [34]. The precise molecular mechanisms of space
sensing by the progenitor cells are currently unclear.
However, considering the physical tethering of chromatin
to the nuclear envelope, it has been demonstrated that
cell shape changes directly lead to dynamic deformation
of the nucleus and chromatin [35,36]. Hence, nuclear
shape changes are able to remodel chromatin, which
could thus directly alter gene expression in the epidermis
(Figure 2) [4,37].
The nuclear envelope (NE) plays a crucial role in regu-
lating the shape and mechanical stability of the nucleus,www.sciencedirect.com
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A model describing changes in the nuclear and chromatin architecture during epidermal stratification.
Extrinsic mechanical forces from the epidermal basement membrane are transduced to the nucleus of basal stem/progenitor cells via members of
the linker of nucleoskeleton and cytoskeleton complex, SUN-domain and KASH-domain proteins and the nuclear lamina. Stem cells thus exhibit a
mechanically stiff nucleus with p63-driven enhancer–promoter interactions driving expression of nuclear structural components, such as A-type
lamins and nesprins, and anchoring of H3K9me2,3-marked heterochromatin to the nuclear lamina. Precautious differentiation is prevented by
H3K27me3-mediated suppression of differentiation genes that can be reinforced by mechanical force.
As cells commit to differentiation, they withdraw from the cell cycle, delaminate from the basement membrane and move upward to the
suprabasal layers. During delamination, epidermal cells decrease their cell-intrinsic tension and nuclear volume, lose p63 expression, and their
H3K9me2,3-and H3K27me3-marked heterochromatin transitions to the nuclear interior. These changes are likely to elevate nuclear deformability
and thus facilitate the upward movement of cells within the tightly packed cell layers.nucleocytoplasmic transport, chromatin organization, and
gene expression. The mechanosensitivity of the nucleus
and the NE lies in the direct connections of the NE to the
contractile cytoskeleton network. In addition to the cen-
tral role of the nuclear lamina, the mobility, deformability
and architecture of chromatin contribute to the mechani-
cal properties of the nucleus [38,39].
During terminal differentiation, epidermal cells undergo
marked changes in nuclear architecture and chromatin
organization: their nuclear volume decreases,www.sciencedirect.com transcriptional activity declines, and the amount of het-
erochromatin increases [40,41]. Deletion of p63 results in
abnormal nuclear morphology and reduced expression of
structural components of the NE such as SUN1 and
nesprins [42]. Nesprins are large nuclear transmem-
brane proteins that directly bind cytoplasmic actin and
through their direct interaction with the inner nuclear
membrane SUN proteins which bind lamins provide a
direct mechanical link with the nuclear lamina and the
cytoplasmic actin cytoskeleton [43]. p63 deletion further
attenuates Ezh2 and HP1a expression and relocatesCurrent Opinion in Genetics & Development 2019, 55:46–51
50 Genome architecture and expressionH3K27me3 and H3K9me3-marked heterochromatin
from the nuclear periphery toward the interior [42].
This suggests that epidermal stem cells regulate the
mechanical stability of their nuclei via p63-mediated
coupling of stemness with transcription of NE structural
components as well as by positioning heterochromatin
that is able to stiffen the nucleus [44] close to the lamina.
As removal of p63 coincides with the exit of differentiat-
ing cells from the basal layer and increased nuclear
deformability [45], one could envision that the enhanced
deformability could be advantageous or even a prerequi-
site for the cell to be able to squeeze itself into the tightly
packed suprabasal cell layer (Figure 2).
How exactly do mechanical and morphological changes of
the nucleus interface with gene expression changes
required for terminal differentiation? Definitive answers
are still missing, but studies in mesenchymal stem cells
have shown that persistent mechanical stimulus acting on
the nucleus induces heterochromatin formation, leading to
a suppression of gene expression within heterochromatin
condensed regions [46]. Consistent with this, long-term
(minutes to hours) mechanical strain in epidermal progeni-
tors leads to global transcriptional repression [4].
Although this transcriptional repression is global, it specifi-
cally facilitates accumulation of the silencing H3K27me3
mark on promoters of lineage-specific differentiation genes
that are under the control of PRC2 [8,10] thereby attenu-
ating epidermal progenitor cell differentiation (Figure 2)
[4]. Dynamic, real-time analyses of changes in nuclear
shape and chromatin state during differentiation, in com-
bination with mechanistic studies to interfere with nuclear
mechano-sensing, are now required to establish the role of
the nuclear lamina-chromatin linkage in geometry sensing
during epidermal morphogenesis and homeostasis.
Concluding remarks
In summary, the dynamic patterns of gene expression
required to form and maintain the epidermis involve con-
trolled action of chromatin modifiers, transcription factors,
and force-induced nuclear remodeling. Now that several
key molecular players and pathways have been identified, a
critical step will be to understand how these distinct
transcription factors and chromatin regulators collaborate
in space and time to control chromatin interactions and
gene activity. This will require integration of 3D chromatin
organization datasets with other genomic and epigenomic
analyses, as well as live-cell imaging tools, to provide the
necessary spatiotemporal resolution and positional context
within the dynamic epidermal tissue.
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